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Abstract
Low-temperature hot corrosion of boilers in the coal-fired power plant
Artem Gavrilev

Hot corrosion of materials has remained a relevant topic since its introduction in the second half
of the 20th century as gas turbine engines suffered severe corrosion during operation over
seawater. Hot corrosion is observed in a multitude of high temperature components, such as gas
turbines, power plants, refineries, fluidized bed combustion systems, pipelines, and industrial
waste incinerators.
Hot corrosion experiments in the laboratory have been conducted under constant temperatures of
interest, while in the actual working conditions of coal-fired power plants, boiler tubes are cooled
down via water cooling from a relatively high fireside temperature, e.g., 1000°C. To investigate
the degradation regularity of boiler tubes more accurately in a realistic working environment, it is
necessary to probe the difference between these two conditions. Herein, electrochemical tests
including open circuit potential (OCP), electrochemical noise (EN) and potentiodynamic
polarization (PDP) have been adopted to compare the coal ash hot corrosion behavior of T12 steel
at constant 400°C and air-cooled (from 1000°C to 400°C) corrosion environments using our
proposed hot corrosion electrochemical sensor system. Additionally, corrosion rates have been
measured via weight loss experiments and corrosion product morphology was analyzed via X-ray
diffraction (XRD) and scanning electron microscopy (SEM) to probe the key factor influencing
the corrosion rate of T12 in the working condition to develop corrosion database for the future
research.
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1. Introduction and literature review.
1.1 Introduction
Hot corrosion of metals and alloys has remained a relevant topic since its introduction in the second
half of the last century as gas turbine engines suffered severe corrosion during operation over
seawater [1]. Hot corrosion is observed in a multitude of high temperature components, such as
gas turbines [2], power plants [3], refineries [4], fluidized bed combustion systems [5], pipelines
[6], and industrial waste incinerators [7].
With ever increasing performance demands of these components, so rise their operating
temperatures and pressures. Consequently, materials with increased high-temperature strength and
hot corrosion resistance are required [8]. Hot corrosion often results in forced outages and extra
maintenance, which in turn may lead to large economic losses.
Aside from more efficient material properties required to deal with the phenomenon of hot
corrosion, it is also important to have proper means for monitoring corrosion rates and accumulated
material losses. This can help with minimizing unexpected outages and reduce financial losses
associated with them, as well as making the work environment safer.

1.2 Literature Review
1.2.1 Hot Corrosion
Hot corrosion refers to the accelerated degradation of metallic materials at elevated temperatures
induced by a thin film of fused salt deposit on the substrate, similar to the atmospheric corrosion
[9, 10]. The molten salt layer is an ionic conductor, separating the substrate form the corrosive
atmosphere, thus stimulating the corrosion rate. Sodium sulfate (Na2SO4) is the most commonly
observed salt in hot corrosion environments due to its high thermodynamic stability in presence of
sodium and sulfur impurities in oxidizing atmospheres [11].
1.2.1.1 High temperature oxidation
The formation of a protective oxide scale on the alloy substrate begins with an oxidant being
delivered to the alloy-gas interface via mass transfer in the gas phase. The oxidant reacts directly
with metal ions on the surface, forming a metal oxide [12]. As the oxide scale grows, its
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formation rate slows down, since both the oxidant and the metal ions take time to be delivered
and incorporated into the oxide scale to react [13]. Figure 1 shows the process of oxide scale
formation of a generic metal M. The redox reactions and the overall reaction of an oxidation
process are shown in equations 1-3:
Anodic reaction:
𝑀 = 𝑀2+ + 2𝑒 −

(1)

1
2𝑒 − + 𝑂2 = 𝑂2−
2

(2)

𝑀2+ + 𝑂2− = 𝑀𝑂

(3)

Cathodic reaction:

Overall reaction:

Figure 1. Formation of a protective oxide on the surface of the alloy.

1.2.1.2 Partial pressure of oxygen and Ellingham diagram
From a thermodynamic standpoint, the solid-gas reaction, and the calculation of its free energy ∆G
can be written as shown in equations 4-5 [13]:

2

2𝛼
2
𝑀 + 𝑂2 → 𝑀𝛼 𝑂𝛽
𝛽
𝛽
∆𝐺 = ∆𝐺 0 + 𝑅𝑇𝑙𝑛

2⁄
𝛽
𝑎𝑀𝛼 𝑂
𝛽
2⁄
𝛽
𝑎𝑀𝛼 𝑂
𝛽

(4)

(5)

∗ 𝑃𝑂2

Where:
∆G0 – standard free energy of formation

R – gas constant

T – absolute temperature

αx – activity of species x

PO2 – partial pressure of oxygen
When ∆G = 0, PO2 is the oxygen partial pressure at which the metal and the oxide are balanced,
also known as dissociation pressure, and calculated as (6):
𝑃𝑂2

∆𝐺 0
= 𝑒𝑥𝑝
𝑅𝑇

(6)

If the partial pressure of oxygen in the atmosphere is greater than the dissociation pressure, a metal
is oxidized, and if it is lower than the dissociation pressure, the oxide is reduced to a metal.
Generally, the dissociation pressure increases with increasing temperature, implying that oxidation
is more favorable with lower temperature; however, since mass transfer generally controls the
oxidation rate, the oxidation rate is faster with the higher temperature [13].
Thermodynamic stability of metals and their oxides is summarized in the Ellingham diagram,
which is shown in Figure 2. Similar diagrams can also be drawn for metals reacting with sulfur
[14], carbon [15], etc., but the oxide form of the diagram is the most commonly used [12]. On the
diagram, the horizontal axis shows temperature, and the vertical axis shows Gibbs free energy; M
indicates the melting point of an element, and [M] indicates the melting point of an oxide.
The Ellingham diagram has three main uses: to determine the relative ease of reducing a given
metallic oxide to metal; to determine the dissociation pressure of oxygen; and to determine the
ratio of carbon monoxide to carbon dioxide that will be able to reduce the oxide to metal at a given
temperature [12].
In an oxidizing atmosphere, the partial pressure of oxygen on the interface between the oxide scale
and the atmosphere is equal to the partial pressure of oxygen in the atmosphere. Inside the oxide
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scale, an oxygen partial pressure gradient occurs: the deeper the layer in the oxide scale, the lower
the partial pressure of oxygen. If thermodynamic equilibrium is reached at the interface between
the substrate and the oxide scale, the partial pressure of oxygen is equal to the dissociation pressure,
therefore the metal and its oxide coexist [13]. Figure 3 shows the oxygen partial pressure gradient
in an oxide scale.

Figure 2. Ellingham diagram.

1.2.1.3 Linear and parabolic rate laws.
Since diffusion in a gas is generally much faster than diffusion in a solid, diffusion in the gas does
not become the rate-controlling step in high temperature oxidation. When diffusion in a gas
dictates the oxidation rate, the scale thickness (x) is proportional to time, as shown in equation 7:
𝑥 = 𝑘𝑙 ∗ 𝑡

4

(7)

Equation 4 represents the linear law, where kl is the linear rate constant. The linear law usually
takes place at an early stage of corrosion when the growth of the oxide scale is insufficient and
diffusion in the solid scale is not an issue [16].

Figure 3. Oxygen partial pressure gradient in an oxide scale.

When the oxide scale grows to a sufficient amount, the mass transfer in the scale becomes the ratecontrolling step, and the oxide scale growth rate slows down. The growth rate of the oxide (dx/dt)
is then inversely proportional to the scale thickness (equation 8) and the scale thickness is
proportional to square root of time, as shown in equation 9:
𝑑𝑥 𝑘𝑝′
=
𝑑𝑡
𝑥

(8)

𝑥 = 𝑘𝑝 √𝑡

(9)

Equation 9 is the parabolic rate law, where kp is the parabolic rate constant and is used for
evaluating the high temperature corrosion resistance of different materials. The unit of kp is [mm∙s1/2

]. When the oxide scale becomes a barrier against mass transfer, it works as a protective scale

and suppresses corrosion [16].
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1.2.1.4 Formation of sulfates
In coal plants, sulfur oxides are formed from sulfur impurities and oxygen, as shown in equations
10 and 11:
𝑆(𝑔) + 𝑂2 (𝑔) → 𝑆𝑂2 (𝑔)

(10)

1
𝑆𝑂2 (𝑔) + 𝑂2 (𝑔) → 𝑆𝑂3 (𝑔)
2

(11)

Further, the impurities containing alkali metals (such as sodium and potassium) result in the
formation of sulfate salts such as sodium sulfate (Na2SO4) and potassium sulfate (K2SO4) during
combustion processes [17]. The presence of sulfur compounds in the atmosphere is required for
the formation of salt sulfates, as shown in equations 12-15:
1
2𝑁𝑎𝐶𝑙(𝑠) + 𝑆𝑂2 (𝑔) + 𝑂2 (𝑔) + 𝐻2 𝑂(𝑔) → 𝑁𝑎2 𝑆𝑂4 (𝑠) + 2𝐻𝐶𝑙(𝑔)
2

(12)

2𝑁𝑎𝐶𝑙(𝑠) + 𝑆𝑂3 (𝑔) + 𝐻2 𝑂(𝑔) → 𝑁𝑎2 𝑆𝑂4 (𝑠) + 2𝐻𝐶𝑙(𝑔)

(13)

1
2𝐾𝐶𝑙(𝑠) + 𝑆𝑂2 (𝑔) + 𝑂2 (𝑔) + 𝐻2 𝑂(𝑔) → 𝐾2 𝑆𝑂4 (𝑠) + 2𝐻𝐶𝑙(𝑔)
2

(14)

2𝐾𝐶𝑙(𝑠) + 𝑆𝑂3 (𝑔) + 𝐻2 𝑂(𝑔) → 𝐾2 𝑆𝑂4 (𝑠) + 2𝐻𝐶𝑙(𝑔)

(15)

The sulfate salts are then attached onto the surfaces of oxidized high temperature working
components (e.g., boiler walls, gas turbines) and melt, forming a thin fused salt film on the
substrate. Similar to a thin aqueous layer in atmospheric corrosion, the fused salt film is an ionic
conductor which physically separates the alloy surface from the gas phase. Thus, hot corrosion
exhibits an electrochemical mechanism [18].
The melting points of are Na2SO4 and K2SO4 884°C and 1069°C, respectively. Their mutual coexistence or introduction of metal oxides (such as Fe3O4) can facilitate formation of eutectic salts
(like Na3Fe(SO4)3, MP = 624°C), whose melting points are significantly lower [19]. Further, the
SO3 produced from the presence of SO2 in an oxidizing atmosphere can react with sulfate salts to
form pyrosulfates:
𝑁𝑎2 𝑆𝑂4 (𝑠) + 𝑆𝑂3 (𝑔) → 𝑁𝑎2 𝑆2 𝑂7 (𝑠)

(16)

𝐾2 𝑆𝑂4 (𝑠) + 𝑆𝑂3 (𝑔) → 𝐾2 𝑆2 𝑂7 (𝑠)

(17)
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The melting temperatures of Na2S2O7 and K2S2O7 are 400.9°C and 325°C, respectively, which is
much lower than those of salt sulfates. Therefore, hot corrosion is observed in high temperature
components with working temperatures above 400°C.
Depending on the temperature of the environment, hot corrosion can be split into two main types.
Type I (high temperature) hot corrosion refers to corrosion occurring at temperatures higher than
884°C, and the deposited salt mixture is in liquid state from the beginning of the process.
Meanwhile, type II (low temperature) hot corrosion refers to corrosion occurring at temperatures
below 884°C, and the deposited salt mixture can initially be in solid state [20].
1.2.1.5 Stability of sodium sulfate
Sodium sulfate (Na2SO4) has been confirmed to be the predominant chemical reactant involved in
hot corrosion due to its extraordinary stability over a wide range of oxygen partial pressures and
temperatures [11]. For a melt of pure Na2SO4 (with a melting point of 1157 K), the dissociation
reaction is shown in equation 18:
𝑁𝑎2 𝑆𝑂4 = 𝑁𝑎2 𝑂 + 𝑆𝑂3 ,

(18)

where Na2O is designated as the base and SO3 is designated as the acid, similar to water
dissociation to acidic and basic species. The relative acidity/basicity of the molten Na2SO4 dictates
the thermodynamic equilibrium concentrations of species and rates of corrosion reactions. At
1200K:
log 𝑎𝑁𝑎2𝑂 + log 𝑃𝑆𝑂3 =

∆𝐺10
= −16.7,
2.303𝑅𝑇

(19)

where -log(aNa2O) is a measure of the melt acidity/basicity. The values of -log(aNa2O) higher than
8.4 correspond to a basic melt, and the values below 8.4 correspond to an acidic melt.
Figure 4 shows a Pourbaix-type phase stability diagram of the Na-S-O system at 1173 K. The
vertical axis on the diagram represents the log of partial pressure of oxygen, and the horizontal
axis represents the acidity/basicity of the solution. The figure shows that liquid Na2SO4 is stable
over a wide range of oxygen partial pressures and solution basicity values. The regimes of
dominance for the minority solute species are indicated by the dotted lines superimposed on the
stability of Na2SO4 under an assumption of unit activity coefficients for these solutes.
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Figure 4. The Na-S-O phase stability diagram at 1173 K.

1.2.1.6 Dissolution of protective oxides
Upon contacting a fused salt melt, the protectiveness of the previously developed oxide scale
depends on the stability of the oxide in the salt. Thus, a knowledge of oxide solubilities is important
in evaluating the hot corrosion resistance of materials [11].
The solubilities of various oxides in a pure Na2SO4 melt were summarized [1]. Figure 5 shows
solubility diagrams for Fe2O3, NiO, Co3O4, Al2O3, Cr2O3 and CeO2 as functions of melt basicity
at 1200K and 1 atm of oxygen partial pressure.

8

Figure 5. Various oxide solubilities in fused Na2SO4 at 1200K and 1 atm O2.

As seen in the figure, all the oxides except SiO2 dissolve in the melt as either acidic or basic solutes,
depending on melt basicity; there is also a basicity value for each of those oxides at which their
solubility reaches the minimal value. For example, at basicity values greater than the solubility
minimum for the given oxide, the oxide dissolution reactions are basic as shown in equations 2024 [1]:
1
2𝑁𝑖𝑂 + 𝑁𝑎2 𝑂 + 𝑂2 = 2𝑁𝑎𝑁𝑖𝑂2
2
1
2𝐶𝑜3 𝑂4 + 3𝑁𝑎2 𝑂 + 𝑂2 = 6𝑁𝑎𝐶𝑜𝑂2
2
𝐹𝑒2 𝑂3 + 𝑁𝑎2 𝑂 = 2𝑁𝑎𝐹𝑒𝑂2
1
2𝐹𝑒3 𝑂4 + 3𝑁𝑎2 𝑂 + 𝑂2 = 6𝑁𝑎𝐹𝑒𝑂2
2
3
𝐶𝑟2 𝑂3 + 2𝑁𝑎2 𝑂 + 𝑂2 = 2𝑁𝑎𝐶𝑟𝑂4
2

(20)
(21)
(22)
(23)
(24)

When the basicity values are below the solubility minimum for the given oxide, the oxide
dissolution reactions are acidic as shown in equations 25-29:

9

𝑁𝑖𝑂 + 𝑁𝑎2 𝑆𝑂4 = 𝑁𝑖𝑆𝑂4 + 𝑁𝑎2 𝑂

(25)

2𝐶𝑜3 𝑂4 + 6𝑁𝑎2 𝑆𝑂4 = 6𝐶𝑜𝑆𝑂4 + 6𝑁𝑎2 𝑂 + 𝑂2

(26)

𝐹𝑒2 𝑂3 + 3𝑁𝑎2 𝑆𝑂4 = 3𝐹𝑒2 (𝑆𝑂4 )3 + 3𝑁𝑎2 𝑂

(27)

1
𝐹𝑒3 𝑂4 + 3𝑁𝑎2 𝑆𝑂4 = 3𝐹𝑒𝑆𝑂4 + 3𝑁𝑎2 𝑂 + 𝑂2
2

(28)

𝐶𝑟2 𝑂3 + 3𝑁𝑎2 𝑆𝑂4 = 𝐶𝑟2 (𝑆𝑂4 )3 + 3𝑁𝑎2 𝑂

(29)

The solubilities of metal oxides such as iron oxide and chromium oxide with multi-valent solutes
depend not only on melt basicity but also on the metal oxidation states, which in turn depend on
the oxygen partial pressure [1].
1.2.1.6 Electrochemistry of hot corrosion
The process of hot corrosion consists of an initiation stage and a propagation stage. During the
initiation stage, the protective oxide layer that was formed before the deposition of the molten salt
layer is destroyed by contact with molten salt, especially if any microdefects, microcracks or grain
boundaries are present [21].
The alkali sulfates produced during combustion or oxidation processes attach to the surfaces of
high temperature components. The sulfate salts melt to form a thin film of the molten sulfate salt,
creating a new interface between the oxide scale and the atmosphere. Once the protective oxide
layer comes into contact with the fused salt, the dissolution of the oxide scale takes place, and it
depends on the basicity of the melt, which was discussed previously. The molten salt layer
dissolves and penetrates the protective oxide scale starting from microdefects, microcracks, or
grain boundaries. During the initiation stage the behavior of the alloys is similar to that without
the molten salt. The melts produced by the oxide dissolution reaction at the oxide/salt interface
diffuse to salt/gas interface because of the concentration gradient. The molten salt then penetrates
the porous oxide scale to reach the substrate. Electrochemical reactions take place, since the base
metal, which is generally Fe, Ni, Co, or Cr, is not stable when in contact with fused sulfate salts,
thus stimulating the hot corrosion attack [21]. Figure 6 shows a schematic of the described process.
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Figure 6. Schematic of the initiation stage of hot corrosion [21].

Anodic and cathodic half-cell reactions occur on different sites of the substrate, but the sites are
connected to each other by the ionically conducting molten sulfate and electronic conduction
mechanisms [21].
For iron-based alloys, the anodic half-cell reactions are shown in equations 30-31:
𝐹𝑒 − 3𝑒 − = 𝐹𝑒 3+

(30)

𝐹𝑒 − 2𝑒 − = 𝐹𝑒 2+

(31)

The cathodic reactions coupling with anodic reactions are shown in equations 32-35:
𝑆2 𝑂72− + 2𝑒 − ⟶ 𝑆𝑂42− + 𝑆𝑂2 + 𝑂2−

(32)

𝑆𝑂3− + 𝑒 − = 𝑆𝑂2 + 𝑂2−

(33)

𝑆𝑂2 + 6𝑒 − = 𝑆 − + 𝑂2−

(34)

2𝐹𝑒 3+ + 2𝑒 − ⟶ 2𝐹𝑒 2+

(35)
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1.2.2 Electrochemical Noise
1.2.2.1 Introduction
Electrochemical Noise is a term given to fluctuations of current and potential [22]. The use of
Electrochemical Noise is common in corrosion engineering and has spread to other fields such as
fuel cells and electrodeposition. Electrochemical Noise has many advantages over other traditional
electrochemical

methods

(potentiodynamic

polarization,

electrochemical

impedance

spectroscopy, weight loss): firstly, there is no need to apply external signal to the electrode to
collect data; Secondly, Electrochemical Noise can be used to monitor the corrosion process in-situ
and to obtain corrosion rates rapidly; Thirdly, this method is non-destructive and can be conducted
without unnecessary plant shutdowns [22, 23].
It is important to use proper equipment for EN measurements to avoid instrument noise, electronic
noise, aliasing in the analog-to-digital conversion, and quantization [24]. First, a low noise
potentiostat device is needed to obtain accurate EN data. Second, EN measurements require antialiasing low pass filtering. Analog and/or digital filters may be used to prevent aliasing.
There are three main modes of EN measurement: potentiostatic mode, galvanostatic mode, and
zero resistance ammeter mode (ZRA). Under potentiostatic mode, only electrochemical current
noise (ECN) can be measured; Under galvanostatic mode, only electrochemical potential noise
(EPN) can be measured. Both of these modes require either a potentiostat or a galvanostat to apply
potential or current to the system, respectively [24].
In the ZRA mode, both EPN and ECN can be measured simultaneously: EPN is measured as the
fluctuation in potential of a working electrode (WE) with respect to a reference electrode (RE), or
as the fluctuation in potential difference between two nominally identical WE’s; ECN is measured
as the galvanic coupling current between two identical WE’s or between a WE and a counter
electrode (CE) [22]. For experiments described in this paper, a ZRA mode was used and both
potential and current noise measurements were conducted simultaneously.
There are multiple types of electrode systems that are applicable for EN measurements. The main
types are symmetrical and asymmetrical electrode systems. In symmetrical systems, WE’s are
made of nominally identical materials with the same surface area. In asymmetrical electrode
systems, WE’s have different surface areas, or a WE and a CE are used, each made of different

12

materials [24]. The system in this paper utilized two identical working electrodes with a reference
electrode and a counter electrode, thus it is a symmetrical four electrode system.
1.2.2.2 Effect of the electrode area
It is generally accepted that the standard deviation of current is proportional to the square root of
the WE area. Similarly, the standard deviation of potential is believed to be inversely proportional
to the square root of the WE area. Therefore, three conclusions can be made: first, during the data
analysis, the standard deviation of current noise should not be normalized with the electrode area;
Second, it is appropriate to indicate the specimen area when reporting EPN results; Third, it is
extremely important to keep the electrode area constant to accurately compare results between
measurements [24].
1.2.2.3 Drift removal before data analysis
EN signals are frequently nonstationary due to a system alteration during the measurement (for
example, increasing asymmetry between WE’s) [25]. For this reason, the DC drift in both EPN
and ECN signals should be removed before analyzing EN data. Not removing DC drift may result
in errors such as increase of the low frequency values in power spectral density (PSD) [26]. There
are multiple methods of trend removal. Examples of those methods include average trend removal,
linear trend removal, polynomial trend removal, wavelet analysis, empirical mode decomposition,
etc. In this paper, DC drift from time domain data was removed using polynomial trend removal.
1.2.2.4 EN data analysis
The data processing of EN generally adopted two methods: time domain analysis and frequency
domain analysis. The frequency domain analysis can be carried out by Fast Fourier Transform
(FFT) or Maximum Entropy Method (MEM) [27].
It is believed that in the time domain analysis, the amplitude of noise fluctuation reflects the
corrosion intensity: the larger the amplitude, the more severe the corrosion. The shape of noise
fluctuation reflects the type of corrosion: symmetrical data distribution from the average value
implies uniform corrosion, and sudden changes in data points imply localized corrosion. In time
domain data analysis, standard deviation (σI and σV), and noise resistance (Rn) are commonly used:
using these values, corrosion type and rate can be evaluated [28].
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Standard deviation values (σI and σV) are proportional to deviation between the instantaneous and
average values of current and potential, respectively. As the corrosion rate increases, σI increases
and σV decreases [28].
The noise resistance Rn is defined as the ratio of σI and σV:
𝑅𝑛 =

𝜎𝑉
𝜎𝐼

(36)

From Potentiodynamic Polarization curves, polarization resistance and tafel curves help to
measure the rate of uniform corrosion and corrosion current icorr at the moment when it is measured
when the system has reached a steady state (stable open circuit potential). The corrosion current is
calculated from the anodic or cathodic half-reaction, and the corrosion rate is calculated from the
corrosion current. Figure 7 shows an example of a PDP curve with important parameters
highlighted [29].

Figure 7. PDP curve showing the electrochemical potential-current relationship for a corroding system [29].

When anodic and cathodic reactions occurring on WE’s are under activation polarization control,
noise resistance can be used instead of polarization resistance Rp [28]. This substitution is used
when calculating corrosion rate of the system in the following series of equations:

14

𝐵=

𝛼𝛽
2.303(𝛼 + 𝛽)

𝑖𝑐𝑜𝑟𝑟 =
𝐶𝑅 =

𝐵
𝑅𝑝

𝐾𝑀𝐵
𝐾𝐵𝑀
=
𝑛𝜌𝑆𝑅𝑝 𝑛𝜌𝑆𝑅𝑛

(37)
(38)
(39)

Where B is the Stern-Geary coefficient, α and β are anodic and cathodic slope values, respectively,
icorr is corrosion current, K is unit conversion constant, M is atomic mass, n is the number of
electrons freed by reaction, ρ is density, S is surface area, and CR is corrosion rate. In this project,
calculations of corrosion current from PDP curves were conducted using Gamry Echem Analyst
software.
As mentioned previously, either FFT or MEM is applied to the time-domain data to transform it
into frequency-domain spectrum with power density (PSD) varying with frequency. PSD can be
analyzed to obtain some useful characteristics such as white noise level W, the corner frequency
fr, the cut-off frequency fc, and the linear slope k of the curves in the high frequency region of the
PSD. Figure 7 demonstrates a typical PSD curve with the mentioned parameters pointed out.

Figure 8. A typical power spectrum density curve.
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Finally, spectral noise resistance Rsn can be obtained with the following equation:
𝑉𝐹𝐹𝑇 (𝑓)
𝑅𝑠𝑛 (𝑓) = lim |
|
𝑓→0 𝐼𝐹𝐹𝑇 (𝑓)

0.5

(40)

Spectral noise resistance is defined as the extreme value of the spectral noise response and is
proportional to polarization resistance Rp.
The determination of electrochemical noise resistance in time domain and frequency domain can
provide reasonable estimates of corrosion rates. Lower values of noise resistance correspond to
higher values of corrosion rate [30].
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2. Experimental Methods
2.1 Materials and synthetic coal ash corrosion environments
The ASME SA213T12 low-alloy steel is used for water wall tubes in Advanced-Supercritical (ASC) coal-based boiler in oxidizing and reducing coal ash environments. The alloy has the following
chemical composition (in wt.%): Fe – 97.287%, C – 0.12%, Mn – 0.44%, P – 0.008%, S – 0.015%,
Si – 0.36%, Cr – 1.04%, Mo – 0.52%, Cu – 0.14%, Ni – 0.07%. The composition of the synthetic
coal ash electrolyte was reagent-grade 29.25 wt.% SiO2, 29.25 wt.% Al2O3, 29.25 wt.% Fe2O3,
5.625 wt.% Na2SO4, 5.625 wt.% K2SO4 and 1 wt.% NaCl. The synthetic flue gas containing 15
vol.% CO2, 4 vol.% O2, 80 vol.% N2 and 1 vol.% SO2 was used with the flow rate of 5 standard
cubic centimeters per minute (SCCM). The alloy was cut into samples of 10 mm x 10 mm x 5 mm
in dimensions for electrochemical tests and weight loss measurements. A thin film of synthetic
coal ash was deposited on the sample surfaces to obtain a layer of thickness of about 1 millimeter.

2.2 Electrochemical measurements
The electrochemical behavior of low temperature hot corrosion was studied using open circuit
potential (OCP), electrochemical noise (EN), and potentiodynamic polarization (PDP)
measurements. All measurements were taken with hot corrosion electrochemical sensors
developed in the laboratory [31].
Electrochemical measurements in the constant 400°C environment were carried out in Across
International STF1200 temperature-programmed tube furnace; electrochemical measurements
involving air-cooling were carried out in Across International CF1700 temperature-programmed
muffle furnace. All electrochemical measurements were carried out using Gamry Interface 5000E
potentiostat/galvanostat and Gamry electrochemical software connected to conventional
computers.
The sensor was constructed with four electrodes: two identical working electrodes (WE1 and
WE2) made of the material of interest, one reference electrode (RE) and one counter electrode
(CE). The ASME SA213T12 was used for the working electrodes. An Al/Al+ reference electrode
was used in NaAlCl4 molten salt. A platinum rod was used as a counter electrode. The electrodes
were connected to the measuring system via tungsten wires of appropriate length. To protect the
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electrodes from the corrosive environment, they were shielded with alumina ceramic tubes and
sealed with ceramic paste.
The initial potentials of the alloy were determined by OCP measurements for 1 hour after reaching
the target temperature. A simultaneous measurement of electrochemical potential and current
noises was carried out for the rest of the exposure time of the experiment. Potentiodynamic
polarization measurement would follow for certain test runs.

2.3 Weight loss measurements
The weight loss measurements were carried out simultaneously and in the same environment to
compare the results from electrochemical measurements with actual mass of the samples lost
during the exposure time. Prior to testing, the samples were ground with 80, 240, 600, 1000 and
2500 grit emery paper. The polished and pre-weighed samples were exposed to the same synthetic
thin coal ash film of 1 millimeter and synthetic flue gas for 288 hours.
After completing the tests, the corrosion products of select samples were then removed by
ultrasonic cleansing in boiling water for 10 minutes followed by rinsing with ethanol and drying
with warm air.

2.4 Morphology characterization
2.4.1 X-ray diffraction
X-ray diffraction (XRD, PANalytical X’pert PRO X-ray diffractometer, Cu Kα radiation) was
used for identification of single-phase materials and multi-phase mixtures and the quantitative
determination of amounts of different phases in multi-phase mixtures. XRD was used on the top
surfaces of corroded samples without polishing or cleaning out the corrosion products from the
samples.
2.4.2 Scanning electron microscopy
Surface and cross-sectional high resolution imaging of the corroded samples was performed using
scanning electron microscopy (SEM, Hitachi S-4700 and JEOL JSM 7600F Scanning Electrode
Microscopes) equipped with an energy-dispersive X-ray microanalysis (EDX) system for
elemental mapping analyses.
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The cross-sectional analysis samples for SEM were prepared by covering the sample with Lecoset
100 acrylic resin mixture, while leaving a side surface exposed. The acrylic resin was used to
prevent the corrosion product from detaching while being ground and polished. Once the resin is
solidified, the sample side was ground up to 2500 grit emery paper followed by polishing with
MasterMet 2 non-crystallizing collodial silica polishing suspension on a polishing cloth uniformly
premoistened with distilled water. After polishing and drying, the acrylic resin was removed by
melting it on a burner at 250°C until the sample could be freely recovered.
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3. Comparison of weight loss between different low temperature
corrosion environments.
3.1 Introduction
Weight loss measurement is one of the traditional non-electrochemical techniques of corrosion
monitoring. While it has certain limitations when compared to in-situ electrochemical techniques
(such as a requirement for the periodic removal of the specimen from the corrosive environment),
it is a straightforward method that produces accurate results, since the change in mass of the
specimens is measured directly.

3.2 Experimental method
Weight loss measurements of ASME SA213T12 samples were taken under several experimental
conditions to observe the effects of synthetic coal ash composition and flue gas presence on hot
corrosion. For each experimental run, weight loss measurements were taken after one, three, five,
and seven days. Furthermore, XRD was used after seven days to identify corrosion products
present on the samples exposed to these environments.
The temperature in all of the different corrosion environments used for these experiments was
400°C. The corrosion environments included open air, standard synthetic coal ash in open air,
standard flue gas without synthetic coal ash, standard flue gas with synthetic coal ash.
Additionally, modified synthetic coal ash compositions were tested in standard flue gas – one with
no NaCl and one with 5 wt.% NaCl.

3.3 Results
3.3.1 Effect of synthetic coal ash
To investigate the effect of synthetic coal ash electrolyte on low temperature hot corrosion
behavior of ASME SA213T12 at 400°C, a control test was conducted in the environment with no
synthetic coal ash and no flue gas. Four samples were exposed to air at the target temperature for
seven days and the weight change was recorded after one, three, five and seven days for three
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samples, then the average of the set was calculated. To normalize the data, the mass change was
divided by the total area of the samples, resulting in units being g∙cm-2.
The total surface areas of the samples exposed to air without synthetic coal ash at 400°C are shown
in Table 1. A1 through A6 indicate areas of the six faces of a cuboid specimen.
Table 1. Total surface areas of samples exposed to air without synthetic coal ash at 400°C.

Sample #

1

2

3

2

97.32

94.07

91.49

2

97.42

91.39

91.49

2

45.34

44.07

43.74

2

45.25

43.93

43.97

2

45.25

43.88

43.69

45.07

43.74

43.78

375.64

361.09

358.17

3.76

3.61

3.58

A1 (mm )
A2 (mm )
A3 (mm )
A4 (mm )
A5 (mm )
A6 (mm2)
2

A_tot (mm )
2

A_tot (cm )

The average weight loss normalized by total area of the samples exposed to air with no synthetic
coal ash over seven days is shown on Figure 9. As shown in the figure, the average weight loss
during the first three days was relatively close to zero. After five days, there was actually a weight
gain on two out of three samples, although relatively insignificant. After seven days, however, all
samples showed weight losses ranging from 0.025 mg∙cm-2 to 0.056 mg∙cm-2, averaging at 0.047
mg∙cm-2.

Average weight loss air only
0.00004

Mass gain (g cm-2)

0.00002
0
0

1

2

3

4

5

6

7

-0.00002
-0.00004
-0.00006

Time (d)

Figure 9. Average weight loss of samples exposed to air at 400°C.
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The total surface areas of samples exposed to air and standard synthetic coal ash are shown in
Table 2.
Table 2. Total surface areas of samples exposed to air with synthetic coal ash at 400°C.

Sample #

1

2

3

A1 (mm )

97.22

96.73

96.43

A2 (mm2)

2

97.02

96.83

96.43

2

45.21

45.02

45.28

2

45.26

44.93

45.51

2

45.12

44.98

44.95

45.21

45.07

45.51

A_tot (mm )

375.04

373.55

374.10

A_tot (cm2)

3.75

3.74

3.74

A3 (mm )
A4 (mm )
A5 (mm )
2

A6 (mm )
2

The average weight loss normalized by total area of the samples exposed to air with standard
synthetic coal ash over seven days compared to that without coal ash is shown on Figure 10. As
shown in the figure, the weight loss with coal ash is more substantial compared to simple exposure
to air at the target temperature. After seven days, samples showed weight losses ranging from 0.16
mg∙cm-2 to 0.35 mg∙cm-2, averaging at 0.27 mg∙cm-2. This is over five times higher than observed
in absence of coal ash.

Weight loss comparison - effect of coal ash

0.00005
0

Mass gain (g cm-2)

0

1

2

3

4

-0.00005

5

6

7
Without
coal ash

-0.0001
-0.00015

With coal
ash

-0.0002
-0.00025
-0.0003

Time (d)

Figure 10. Average weight loss comparison of samples exposed to air with and without coal ash at 400°C.

Figure 11 shows the XRD comparison of the substrate, a specimen exposed exclusively to air, and
a sample exposed to synthetic coal ash. In both situations, hematite and magnetite were observed.
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Figure 11. XRD comparison of weight loss samples exposed to air and synthetic coal ash at 400°C.

3.3.2 Effect of flue gas
To observe the effect of flue gas on low temperature hot corrosion behavior of ASME SA213T12
at 400°C, four samples were exposed to flue gas at the target temperature for seven days and the
weight change was recorded as previously described. The result was compared to the control test
run with no flue gas or coal ash. Table 3 shows total areas of the samples exposed only to flue gas.
Table 3. Total surface areas of samples exposed to flue gas without synthetic coal ash at 400°C

Sample #

1

2

3

2

104.80

104.70

104.11

2

104.91

104.50

104.01

2

46.14

45.46

46.69

2

50.01

50.11

50.42

2

46.30

46.20

46.89

50.06

50.22

50.36

402.22

401.20

402.48

4.02

4.01

4.02

A1 (mm )
A2 (mm )
A3 (mm )
A4 (mm )
A5 (mm )
A6 (mm2)
2

A_tot (mm )
2

A_tot (cm )
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The average weight loss normalized by total area of the samples exposed to air compared to that
exposed to flue gas is shown on Figure 12. As shown in the figure, the weight loss with exposure
to flue gas is more substantial compared to simple exposure to air at the target temperature. After
seven days, samples showed weight losses ranging from 0.20 mg∙cm-2 to 0.35 mg∙cm-2, averaging
again at 0.27 mg∙cm-2. This is over five times higher than observed in absence of flue gas.

Weight loss comparison - effect of flue gas

0.00005

Mass gain (g cm-2)

0
0

1

2

3

4

5

6

7
Without
flue gas

-0.00005
-0.0001
-0.00015

With flue
gas

-0.0002
-0.00025
-0.0003

Time (d)

Figure 12. Average weight loss comparison of samples exposed to air and flue gas at 400°C.

Figure 13 shows the XRD comparison of the substrate, a specimen exposed exclusively to air, and
a sample exposed exclusively to synthetic flue gas. Once again, hematite and magnetite were
observed in both environments.
An additional comparison was made between corrosive environments with synthetic coal ash in
absence of flue gas and with presence of flue gas at 400°C. Table 3 shows total areas of the samples
exposed coal ash in presence of flue gas.
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Figure 13. XRD comparison of weight loss samples exposed to air and synthetic flue gas at 400°C.
Table 4. Total surface areas of samples exposed to coal ash in presence of flue gas at 400°C.

Sample #

1

2

3

2

104.80

104.70

104.11

2

104.91

104.50

104.01

2

46.14

45.46

46.69

2

50.01

50.11

50.42

2

46.30

46.20

46.89

50.06

50.22

50.36

402.22

401.20

402.48

4.02

4.01

4.02

A1 (mm )
A2 (mm )
A3 (mm )
A4 (mm )
A5 (mm )
A6 (mm2)
2

A_tot (mm )
2

A_tot (cm )

Figure 14 shows weight loss comparison between samples exposed only to synthetic coal ash and
samples exposed to synthetic coal ash in presence of flue gas. It can be seen that in the environment
where both coal ash and flue gas are present, weight loss is increased dramatically. After seven
days, the observed weight losses varied from 0.60 mg∙cm-2 to 0.75 mg∙cm-2, averaging at 0.66
mg∙cm-2, which is over twice the weight loss observed in the presence of coal ash in air.
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WL comparison

0.0001

Mass gain (g cm-2)

0
-0.0001

0

1

2

3

4

-0.0002
-0.0003

5

6

7

Only coal
ash
Coal ash
with flue
gas

-0.0004
-0.0005
-0.0006
-0.0007

Time (d)

Figure 14. Average weight loss comparison of samples exposed to coal ash in air versus coal ash in presence of
flue gas at 400°C.

Figure 15 shows the XRD comparison of the substrate, a sample exposed exclusively to flue gas,
and a sample exposed to synthetic coal ash in presence of flue gas. Along with hematite and
magnetite, iron sulfide was observed in the environment with flue gas. This indicates that
sulfidation took place. Note that the presence of silicon oxide and aluminum oxide was caused by
synthetic coal ash remains on the samples.

Figure 15. XRD comparison of weight loss samples exposed to coal ash with and without flue gas at 400°C.
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3.3.3 Effect of the amount of NaCl in synthetic coal ash
To investigate the effect of sodium chloride (NaCl) on the low temperature hot corrosion behavior
of ASME SA213T12 at 400°C, two additional sets of synthetic coal ash electrolyte were produced:
one with 0 wt.% NaCl and another with 5 wt.% NaCl (instead of 1 wt.% NaCl originally). The
composition of the former synthetic coal ash was reagent-grade 29.583 wt.% SiO2, 29.583 wt.%
Al2O3, 29.583 wt.% Fe2O3, 5.625 wt.% Na2SO4 and 5.625 wt.% K2SO4; The latter was composed
of 27.917 wt.% SiO2, 27.917 wt.% Al2O3, 27.917 wt.% Fe2O3, 5.625 wt.% Na2SO4, 5.625 wt.%
K2SO4 and 5 wt.% NaCl. The experiments were conducted in the presence of synthetic flue gas
and in the same manner as previously.
Table 5 shows total areas of the samples exposed to coal ash with 0 wt.% NaCl in presence of flue
gas. Similarly, Table 6 shows areas of the samples exposed to coal ash with 5 wt.% NaCl.
Table 5. Total surface areas of samples exposed to coal ash with 0 wt.% NaCl in presence of flue gas at 400°C.

Sample #

1

2

3

A1 (mm2)

89.29

84.62

98.80

2

88.55

84.88

99.11

2

39.90

39.22

42.09

2

41.24

44.92

46.15

2

39.72

39.22

42.09

41.01

44.92

46.24

339.71

337.78

374.46

3.40

3.38

3.74

A2 (mm )
A3 (mm )
A4 (mm )
A5 (mm )
A6 (mm2)
2

A_tot (mm )
2

A_tot (cm )

Table 6. Total surface areas of samples exposed to coal ash with 5 wt.% NaCl in presence of flue gas at 400°C.

Sample #

1

2

3

A1 (mm )

86.14

82.09

78.74

A2 (mm2)

85.33

81.61

78.28

A3 (mm2)

2

40.02

37.19

35.68

2

45.49

41.52

43.31

2

40.34

37.11

35.86

45.40

41.61

43.58

A_tot (mm )

342.72

321.13

315.44

A_tot (cm2)

3.43

3.21

3.15

A4 (mm )
A5 (mm )
2

A6 (mm )
2
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Figure 16 shows weight loss comparison between samples exposed to coal ash with 1 wt.% NaCl,
0 wt.% NaCl, and 5 wt.% NaCl, all in presence of flue gas. It can be seen that in the first five days
of exposure, the weight loss in 1 wt.% NaCl content is significantly higher than either 0 or 5 wt.%
NaCl. However, after 5 days the weight loss in 5% NaCl increases and finally is relatively close
to that in 1% NaCl (0.54 mg∙cm-2 versus 0.66 mg∙cm-2, respectively). The weight loss at 0% NaCl
after 7 days was almost twice as low compared to 1% NaCl (0.39 mg∙cm-2 versus 0.66 mg∙cm-2,
respectively).

WL comparison

0.0001

Mass gain (g cm-2)

0
-0.0001

0

1

2

3

4

5

6

7

1% NaCl

-0.0002
0% NaCl

-0.0003
-0.0004

5% NaCl

-0.0005
-0.0006
-0.0007

Time (d)

Figure 16. Average weight loss comparison of samples exposed to coal ash with 0, 1, and 5 wt.% NaCl in
presence of flue gas at 400°C.

Figure 17 shows the XRD comparison of the substrate and samples covered in synthetic coal ash
with 0, 1, 5 wt.% NaCl in presence of flue gas at 400°C. Similar to the previous comparison, iron
sulfide was observed along with hematite and magnetite on all specimens. Sulfidation takes place
when a combination of coal ash and flue gas is utilized at the given temperature.
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Figure 17. XRD comparison of samples exposed to coal ash with 0, 1, 5 wt.% NaCl in presence of flue gas at
400°C.

3.4 Discussion
Caule et al. conducted several oxidation experiments on pure iron in air at temperatures from 260
to 470°C. The oxygen weight at 393°C after 4 days of exposure was 0.083 mg∙cm -2 [32]. This is
comparable to the obtained weight loss result in air at 400°C. It should be taken into consideration
that minor errors could be present in the weight balance readings; but the results are on the same
order of magnitude.
In the presence of synthetic coal ash in air, which includes alkali sulfates and NaCl, a significant
increase in weight loss was observed. This can be attributed to an attack on the protective scale by
alkali sulfates K2SO4 and Na2SO4 [8]. However, the absence of iron sulfide indicates that flue gas
(and particularly SO2) is required for sulfidation to take place. However, the melting temperatures
of K2SO4 and Na2SO4 are 1069°C and 884°C, respectively, meaning that without SO2 in the
atmosphere, no molten sulfate salt is formed on the interface. This can explain the fact that weight
loss in absence of flue gas is lower than in its presence.
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Boggs et al.[33] demonstrated that during the oxidation of iron below 450°C, both magnetite
(Fe3O4) and hematite (Fe2O3) are formed. Wustite (FeO) only becomes thermodynamically stable
above 570°C when it forms along with Fe3O4 and Fe2O3 [33]. This is confirmed by the XRD
analyses shown on Figures 10, 12, 14 and 16, as FeO was not detected on any samples.
The effect of flue gas in combination with coal ash is more drastic than either of them alone. This
result can be attributed to the presence of SO2 in the atmosphere and its reaction with oxygen to
form SO3, which in turn reacts with sulfate ions to form S2O72-, promoting the melting of sulfate
salts at the working temperature as low as 400.9°C, as shown in equations 41-42 [21]:
2𝑆𝑂2 + 𝑂2 → 2𝑆𝑂3

(41)

𝑆𝑂3 + 𝑆𝑂42− → 𝑆2 𝑂72−

(42)

At the oxide/melt interface, iron dissolved into the melt according to equations 43-44 [33]:
𝐹𝑒 ⟶ 𝐹𝑒 2+ + 2𝑒 −

(43)

𝐹𝑒 ⟶ 𝐹𝑒 3+ + 3𝑒 −

(44)

The cathodic process coupling with the anodic ones could be:
𝑆𝑂3− + 𝑒 − = 𝑆𝑂2 + 𝑂2−

(45)

𝑆𝑂2 + 6𝑒 − = 𝑆 − + 𝑂2−

(46)

2𝐹𝑒 3+ + 2𝑒 − ⟶ 2𝐹𝑒 2+

(47)

Thus, the following series of processes could take place: dissolution of oxide at the oxide/melt
interface, diffusion through the melt, and reprecipitation at the melt/gas interface or in the melt.
Aung (2013) also confirmed that the extent of corrosion in flue gas with 1% SO2 was higher than
that in flue gas without SO2 [8].
The effect of NaCl concentration in the ash mixture on corrosion performance of iron-based alloys
was analyzed by [34]; In their experiments, the presence of 5 wt.% NaCl in coal ash mixture had
little effect on corrosion rate under 800°C [34]. A similar trend was observed in this study, as the
difference in weight loss between 0 and 5 wt.% NaCl was small. This can be explained by the fact
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that the working temperature of 400°C is too low for the Cl activity to form volatile chlorides of
Fe and Cr that can lead to a porous microstructure. However, at 1 wt.% NaCl the weight loss in
the first five days was higher in comparison to other NaCl concentrations, even though after seven
days it was similar.

3.5 Chapter summary
In this chapter, the effects of different corrosion environments on ASME SA213T12 low-alloy
steel were investigated at the temperature of 400°C after one, three, five, and seven days. The
environments included air, synthetic coal ash in air, flue gas, synthetic coal ash in flue gas, and
synthetic coal ash mixtures with variable NaCl content (0, 1, and 5 wt.%) in flue gas. To no
surprise, the least mass was lost when samples were exposed to air without being covered in coal
ash. The highest extent of hot corrosion was observed in the environment with flue gas and
synthetic coal ash mixture with 1 wt.% NaCl. These are the same conditions that will be examined
in the next chapter, where the process of hot corrosion will be measured with electrochemical
techniques.
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4. Comparison of hot corrosion at constant temperature and air
cooling.
4.1 Introduction
The effectiveness of the electrochemical sensor’s in-situ measurement capabilities was to be
accessed by comparing the electrochemical noise measurements of constant 400°C hot corrosion
and air-cooled hot corrosion from 1000°C to 400°C.

4.2 Air-cooling probe development
Due to the requirement of cooling the working electrodes with air in a corrosive flue gas
environment, a tube furnace could not be used. Therefore, a new probe design had to be utilized.
This design would have the working electrodes exposed to a coal ash and flue gas corrosive
environment on one side, while supplying air from the other side and cooling the electrodes to the
target temperature, without air and flue gas mixing.
The probe consisted of a series of alumina tubes of various diameters in a large alumina enclosure.
Two smaller alumina tubes would supply flue gas to the enclosure, where the working electrodes
are exposed to coal ash. Flue gas would then flow out of the probe and into an exhaust hood,
resulting in a continuous flue gas flow through the probe.
High pressure air at room temperature would be supplied through another alumina tube which was
inserted into the main tube that housed all electrodes in combination with dried ceramic paste. Air
would hit the ceramic paste, and the electrodes would cool down by conduction. That way, there
would be no mixing between high pressure cooling air and flue gas flowing through the probe at
any time.
4.2.1 Temperature monitoring at the working electrodes
A thermocouple was placed in the probe along with other electrodes in the air-cooling probe. Its
purpose was to monitor the temperature near the exposed faces of the working electrodes, so that
the air pressure can be adjusted to keep the temperature as close to 400°C as possible. Since the
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air pressure had minor fluctuations that could not be controlled, the temperature near the working
electrodes was kept within 390-410°C at all times during the experiment.
To verify that the thermocouple was showing accurate temperature near the working electrode, an
ANSYS Thermal study was conducted to simulate the probe and its temperature distribution during
the experiment. For the study, a 2-dimensional model of the probe was created with accurate
dimensions, including alumina tubes, ceramic paste, working electrodes, and thermocouple. Figure
18 shows the probe model; in the figure, materials and boundary conditions are shown.

Figure 18. A two-dimensional model of the air-cooling probe. Different materials and boundary conditions
are designated.

The boundary conditions included free convection of air at the outside alumina surfaces (h = 2.5
Wm-2K-1, T∞=1000°C) and forced convection at the ceramic paste surface (h = 500 Wm-2K-1,
T∞=25°C). Table 7 shows isotropic thermal conductivity values of materials used in the study:
Table 7. Isotropic thermal conductivity of materials used in the simulation study.

K (Wm-1K1-)

Material
Air

0.025

Alumina

35

Ceramic paste

40

Coal ash

0.5

T12 (iron)

55

Thermocouple (steel)

35
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Figure 19 shows the temperature distribution across the two-dimensional probe model obtained in
the study. The temperature gradient begins at 1000°C on the outside of the probe; in the
experiment, that section was located inside the muffle furnace. On the other end of the gradient,
room temperature of 25°C is observed inside the probe walls – in the experiment, this part was
located outside of the furnace.

Figure 19. Temperature distribution across the hot corrosion probe simulated in ANSYS Thermal.

Finally, to achieve the goal of observing the temperature on the exposed surface of the working
electrodes, a temperature probe function was used in the above gradient to extract the value at the
location of interest, as shown in Figure 20. According to the study, the temperature on the surface
was 407°C, which falls within the range allowed during the experiment (390-410°C).

Figure 20. Temperature probe at the exposed surface of the working electrode in the model.
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4.3 Results
4.3.1 Open Circuit Potential
Variations of the initial corrosion potentials in the constant 400°C and air cooling corrosion
environments are shown on Figure 21. The potential at constant 400°C showed a continuous rise
in the positive direction: in 1 hour of exposure after reaching the target temperature, the potential
rose from 670 mV to 780 mV (vs Al/Al+). The potential in the air cooled corrosion environment
showed a similar trend. However, the initial value was higher: the potential changed from 930 mV
to almost 1200 mV (vs Al/Al+).

Figure 21. Comparison between OCP values between constant 400°C and air-cooled corrosion after 1 hour of
exposure.

4.3.2 Electrochemical Noise
Changes from the initiation stage to the propagation stage of hot corrosion were studied using the
EN test. In the constant temperature environment, the values of potential noise varied throughout
the exposure time. The potential noise values varied from 780 mV (vs Al/Al+) to 2.1 V (vs Al/Al+)
during a 288-hour exposure (Fig. 22a). In the air-cooled environment, the potential noise values
varied from 1.1 V (vs Al/Al+) to 1.9 V (vs Al/Al+) during the same exposure period (Fig. 22b). It
can be seen that the potential noise value in an air-cooled environment reaches a plateau much
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sooner than that in constant temperature (two days compared to eight days). Additionally, the peak
potential noise value in an air-cooled environment is 1.95 V (vs Al/Al+), after which it slowly
tapers off down to 1.90 V (vs Al/Al+). The peak value in the constant temperature environment,
however, is 2.1 V (vs Al/Al+) and no decrease was observed.

Figure 22. Time sequences of the electrochemical potential noise values: (a) at constant temperature
environment, (b) in air-cooled environment.
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The corresponding time records of electrochemical current noise are shown in Figure 19. The
current noise values in the constant temperature environment followed a sudden change with
slow recovery (Fig. 23a), followed by a steady drop off. Such noise signatures correspond to
accelerated oxidation/sulfidation [8]. In an air-cooled environment, the current noise followed a
sudden change with no recovery (Fig. 23b), indicating accelerated internal sulfidation [8].

Figure 23. Time sequences of the electrochemical current noise values: (a) at constant temperature
environment, (b) in air-cooled environment.
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The corresponding power spectral densities in the constant temperature and air-cooled
environments are shown in Figure 24. The spectral densities were calculated after removing the
trend of the original time domain data with polynomial detrending. The PSD in the constant
temperature environment is almost independent of the frequency in the region lower than 0.0001
Hz. In the air-cooled environment, however, some peaks are observed above that value. Since the
peaks are located at the same frequencies between different days, they could be caused by the
power supply frequency and its harmonics [35].

Figure 24. Frequency domain of the electrochemical current noise experiments in (a) constant temperature,
and (b) air-cooled environments.
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A comparison of noise resistance (Rn) and spectral noise resistance (Rsn) for both environments is
shown in Figure 25. Throughout the exposure time, the values of Rn in both environments were
relatively similar, suggesting that that the corrosion rates are similar as well. The lowest Rn and
Rsn were observed on day 1 for both environments, which is consistent with the highest corrosion
rates observed [8].

Figure 25. Comparison of noise resistance and spectral noise resistance for both environments.

4.3.3 Corrosion rates
Corrosion rates for the mentioned experiments were calculated using different methods. First, an
absolute maximum value of current noise of each day was used in Equation X to find the
corresponding corrosion rate in time domain:
𝐶𝑅 =

𝑖𝑚𝑎𝑥 ∙ 𝑀
𝐹∙𝑛∙𝑆

(50)

Where M is the molar mass of iron, F – Faraday constant, n – number of electrons released during
the reaction, and S is the sample area. Since both hematite and magnetite form as a result of hot
corrosion, n values of 2 and 3 can be used in this study. For all calculations, n = 3 was used, and
therefore the corrosion rate and weight loss values calculated from current values are consistent
with each other.
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Additional samples were used for direct weight loss measurements. However, since taking weight
loss measurements requires stopping the experiment, separate weight loss measurements were
conducted at 2, 10, and 12 days, with the latter being tested simultaneously with EN probes.
Figure 26 shows the instantaneous corrosion rates, accumulated mass loss and corrosion depths
over the entire duration of exposure for two experiments. Corrosion rates in both experiments
followed a similar trend, starting high at the beginning of exposure and slowing down
subsequently. This agrees with the fact that the process of corrosion slows down as the oxide scale
grows with time. The initial value of corrosion rate is higher for the air-cooling experiment (Fig
26a); however, the slow recovery in the current noise during the constant temperature experiment
results in overall higher accumulated mass loss (Fig 26b). The weight loss experiment values for
2, 10, and 12 days are similar: the error values calculated between WL and EN (at constant 400°C)
are 24%, 8.7%, and 9.1%, respectively. Accumulated corrosion depths are shown in Figure 26c.

(a)

(b)

(c)

Figure 26. Comparison between corrosion kinetic data from EN analysis between experimental
environments: (a) corrosion rates, (b) accumulated mass loss, and (c) accumulated corrosion depths.
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4.3.4 Potentiodynamic Polarization Curves
The PDP technique is useful for evaluation of corrosion rates when the controlling mechanism is
by charge transfer [8]. The PDP curves after 12 days in different experimental conditions are
shown in Figure 27.

Figure 27. Comparison between potentiodynamic polarization curves at different experimental conditions.

The polarization resistance (Rp), corrosion potential (Ecorr), corrosion current density (icorr), anodic
and cathodic slope values (βa and βc), and the corrosion rate of two different experimental
environments are summarized in Table 8.
Table 8. Potentiodynamic polarization test data at different experimental environments.

βc

CR

(kΩ cm-2) (V vs Al/Al+) (µA cm-2) (V dec-1)

(V dec-1)

(mm y-1)

Constant T.

1583.55

2.047

0.742

5.750

5.099

0.00861

Air-cooled

808.78

1.905

0.983

6.565

2.536

0.01143

Rp

Ecorr

icorr

βa

The corrosion rate values after 12 days obtained from PDP curves are slightly lower than those
obtained from current noise values in time domain (0.0104 mm/yr at constant T and 0.0155 mm/yr
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in air-cooled environment). This can be explained by the fact that the absolute maximum value of
current noise was selected from that time segment in time domain. Additionally, PDP
measurements were not conducted on the same probes that the presented EN measurements were
conducted on, due to the destructive nature of polarization [8].
4.3.5 Morphology characterization
The values of calculated corrosion depths can be compared with the thickness of corrosion product
layers observed at the cross sectional surfaces. Figure 28 shows cross sectional surfaces of
corrosion products on samples tested in constant temperature (Fig 28a) and air-cooled
environments (Fig 28b). The corrosion layer thicknesses between two environments are
comparable: both corrosion layers are approximately 13 µm thick. This is similar to corrosion
depths calculated from EN data (Figure 26c; 11 µm for constant temperature and 9.5 µm for aircooling).

(a)
(b)
Figure 28. Cross-sectional corroded surfaces showing the extent of corrosion depths: (a) constant
temperature, and (b) air-cooled environment.

The elemental distribution analyses of the cross sectional corrosion layers are shown in Figures 29
and 30. An internal layer of sulfide and external layer of oxide can be observed on both samples,
suggesting that an internal sulfation and external oxidation processes take place. Additional
elements (such as Si and Al) are detected from the coal ash remains attached to the scale.
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Fe

O

S

Si

C

Figure 29. The elements mapping at cross-sectional surface of a constant temperature experiment.
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Fe

O

S
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Si

C

Al

Na

Figure 30. The elements mapping at cross-sectional surface of air-cooling experiment.

Figure 31 shows the XRD analysis comparison of the samples at constant temperature and in an
air-cooled environment after 12 days of exposure. Among the species observed in both
environments are iron sulfide, magnetite, and hematite. This agrees with the SEM cross section
analysis. In the air-cooled environment, wustite (FeO) was not observed again, even though the
free stream temperature is 1000°C. This is because the temperature on the surface of the specimen
does not exceed 400±10°C. This error was introduced by the slight variation in air flow pressure,
but it was monitored to stay within the margin at all times.
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Figure 31. XRD analysis comparison of samples at constant temperature and air-cooled environments.

To observe the growth of the corrosion product over time, additional samples that were exposed
to hot corrosion for 2 and 10 days were polished in epoxy and their cross sectional images were
taken with SEM. Figure 32 shows the corrosion product cross section after 2 and 10 days of
exposure. The corrosion product thickness after 2 days is 5.1µm; after 10 days, the thickness is 7.5
µm.

(b)

(a)

Figure 32. Comparison of hot corrosion product depth after 2 and 10 days at constant temperature.
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The elemental distribution analyses of the cross sectional corrosion layers are shown in Figures 34
and 35. After two days, an external oxide layer is present, but no sulfide layer is observed; an
external sulfide layer can be observed after ten days. This suggests that more external oxidation
takes place after 240 hours, since sulfides were only observed internally after 12 days of exposure.
Figure 33 shows the XRD comparison found in corrosion products after 2, 10, and 12 days in a
constant temperature environment. No sulfides were observed after 2 days of exposure. Iron sulfide
was observed after 10 days; this agrees with the SEM results.

Figure 33. XRD analysis comparison of samples at constant temperature after 2, 10, and 12 days of exposure.
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Fe

O

S

Al

Si

Figure 34. The elements mapping at cross-sectional surface after two days of exposure at constant
temperature.

48

Fe

O

S

Si

Al

Figure 35. The elements mapping at cross-sectional surface after ten days of exposure at constant
temperature.

4.4 Discussion
During the initiation stage, the protective oxide layer that was formed before deposition of a molten
salt layer is destroyed by contact with molten salt.
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In the constant temperature environment, the electrode potential increased steadily for about 7 days
before reaching a stable value. This indicates that the initiation stage began later in this
environment. The cross-section images after 2 days at constant temperature shown in Figure 34
confirm that no sulfides have been observed, thus no sulfidation has taken place yet.
In the air-cooled environment, however, the electrode potential reaches a steady value only after
two days, indicating that hot corrosion initiates much sooner. Ideally, SEM images of its cross
sections should have been taken in order to observe whether sulfidation took place earlier, but
unfortunately, the only SEM images on air-cooled samples were taken after 12 days.
The propagation stage starts after the oxide layer dissolves, and accelerated degradation of the
substrate begins. As hot corrosion propagates, oxidation and sulfidation take place on the
electrode. Sulfidation was indicated by fluctuations of potential and current noise in narrow ranges.
Figures 29 and 30 show that sulfur was observed on the inner scale of corrosion product for both
environments, while oxygen was observed on both the inner and the outer scales. This suggests
that internal sulfidation took place along with internal and external oxidation during the exposure.
It was expected that corrosion rate would be higher in the air-cooled environment, especially after
confirming that the surface temperature in that environment was higher (407°C versus 400°C in
constant T.). However, the results indicate that, although not significantly, the corrosion rate was
higher in constant temperature environment. This could be explained by the fact that in constant
temperature environment, the layer of coal ash is fully open to atmosphere and the substrate/ash
interface is parallel to ash/gas interface; Meanwhile, due to how AC probe is constructed, only its
top part is exposed to the atmosphere, meaning that the substrate/ash and ash/gas interfaces are not
parallel, but are perpendicular instead. For more accurate results, probe design needs to be
reconsidered in the future, so that the orientation of the exposed surfaces is the same with respect
to the atmosphere, and the only difference is the presence of air-cooling.
Both environments followed the same hot corrosion mechanism, as discussed in chapter 3.4,
although at a different pace. This might be justified by the fact that atmosphere temperature in the
air-cooled environment is higher, resulting in quicker melting of sulfate salts and its contact with
protective oxide.

50

4.5 Chapter summary
In this chapter, the effect of air cooling on low temperature hot corrosion of ASME SA213T12
steel was investigated. The purpose of this experiment was to apply our developed hot corrosion
probe in more realistic conditions of coal-based power plant waterwall hot corrosion environment
and investigate the differences compared to an environment with constant target temperature,
which is usually observed in the laboratory. Open circuit potential, electrochemical noise,
potentiodynamic polarization, and weight loss measurements were utilized in this chapter. SEM
and XRD were used for morphology characterization of the corrosion products after 288 hours of
exposure. The results suggest that no drastic difference is present between the two environments,
however, with a note that the probe design was different for each environment.
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5. Conclusion
In this thesis, the investigation of low temperature hot corrosion of ASME SA213T12 low-alloy
steel was conducted. First, the effects of various experimental factors, including synthetic flue gas,
synthetic coal ash mixture, and the amount of sodium chloride in the mixture, were investigated
with weight loss measurements taken after 1, 3, 5, and 7 days of exposure. The highest extent of
hot corrosion was observed in combination of synthetic flue gas and coal ash mixture with 1 wt.%
NaCl, with a weight loss value of 0.66 mg/cm2.
Next, the effect of air cooling on low temperature hot corrosion was investigated to more closely
imitate conditions observed in waterwalls in coal-based power plants. The working electrodes were
exposed to a corrosive environment with free stream temperature of 1000°C and were cooled down
to 400°C with air. Electrochemical tests were conducted, including open circuit potential,
electrochemical noise, and potentiodynamic polarization using our proposed electrochemical
sensor system. To verify the results, additional weight loss measurements were conducted, and
corrosion product morphology was analyzed using XRD and SEM. The results indicate that no
significant difference is present in hot corrosion degradation after 12 days between two
environments. The final weight loss values calculated from EN were 1.21 mg/cm2 and 0.874
mg/cm2 for constant temperature and air-cooled environments, respectively, while the weight loss
calculated directly after 12 days at constant temperature was 1.10 mg/cm2.
To conclude, it can also be stated that the hot corrosion probe developed in the laboratory can be
utilized for multitude of experimental setups, including different testing materials, working
temperatures, and can even be modified to allow electrode cooling without disturbing the corrosive
atmosphere.
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